Abstract-In human-robot interaction, the robot must behave safely, especially when an operator is present in its workspace. Even higher safety levels must be attained when physical contact occurs between the two. To this end, standards such as the ISO10218 define the requirements for a robot to be considered safe for interaction with human operators in an industrial environment. In this paper, we propose an adaptive damping controller that fulfills the ISO10218 requirements by limiting the tool velocity, power and contact force online (and only when needed). The controller is experimentally validated on a hand-arm robotic system, in a mock-up collaborative application. For the hand, safe interaction is enhanced by using tactile sensing, both to regulate grasp forces and to provide an intuitive interface for the operator.
I. INTRODUCTION
In recent years, a growth of interest for physical human robot interaction (pHRI) has emerged in robotics research [1] , [2] , [3] . The goal is to enable collaborative working between human and robots, since Cobots (Collaborative Robots) can improve the flexibility of industrial processes, while decreasing the operators' fatigue [4] .
In such scenarios, the robot must adopt a safe behaviour to minimize the risk of injuries to close coworkers. However, until recently, precise requirements for a collaborative robot were not specified. In 2011, in the last revision of the ISO10218 standard [5] , the International Organization for Standardization included requirements for a safe industrial robot. This standard specifies that any robot must respect velocity, power and contact force limits at the tool control point (TCP) in the presence of a human. These three limits are fixed by the end-user, depending on the performed task and on the degree of collaboration between operator and robot.
To our knowledge, present-day collaborative robot manufacturers [6] fulfill the standard by saturating the velocity, stopping the robot, or by using expensive hardware solutions. Although novel safe actuation systems have been recently proposed in the literature [7] , [8] , [9] , these are not always easily affordable or adaptable for any robotic system. An alternative comes from control, typically impedance control [10] , and its modified versions for force tracking [11] , force limitation [12] , adaptive damping [13] or exploiting redundancy [14] . However, to the best of our knowledge, the only work that explicitly tackles the ISO1028-2011 from a control viewpoint is [15] . Nevertheless, this controller only takes into account the force limitation imposed by the standard.
In the frame of the SISCob project, we propose an impedance (specifically, a damping) controller that automatically adapts to the external wrench, to guarantee that all three ISO10218 limitations (force, velocity, and power) are respected. The controller has been validated on a robotic arm, with a hand mounted on the end-effector.
The paper is organized as follows. In Section II, we define the main variables. Sections III and IV respectively describe the adaptive damping controller, and the complete framework that we design to respect force, velocity, and power limitations. The experimental validation on a robotic hand-arm system in a mock-up collaborative scenario is presented in Section V. In this section, we also explain the use of tactile sensing, both to regulate the grasp and to provide an intuitive HRI interface. We summarize and conclude in Section VI.
II. DEFINITIONS
We consider a robot manipulator (open kinematic chain) with j degrees of freedom (dof), and denote: q ∈ R j its joint values, x ∈ SE (3) the TCP pose, andẋ = v ω the TCP kinematic screw. Both x andẋ are expressed in the robot base frame. We also assume that it is possible to estimate (either through direct or through joint torque measurement) the external wrench (force and torque) applied to the TCP, and expressed in the TCP frame: h = f m ∈ R 6 . This information will be used to adapt the robot motion to make it compliant, while respecting the ISO1028-2011 standard. To calculate the power P transmitted by the robot, the wrench must be expressed in the base frame, as B W T h, where:
with B R T the rotation matrix between the TCP and the base frame. Given the above, we express the standard by 1 :
with positive scalars F M ∈ R * + the maximum external force allowed, V M ∈ R * + the maximum velocity allowed, and P M ∈ R * + the maximum transmitted power allowed. 1 Throughout the paper, we denote by |u| the Euclidean norm of vector u, and u, v the dot product of vectors u and v.
The contribution of this paper will be the development of a feedback controller, which, based on the measure of h, will designẋ to comply with constraints (2)-(4).
In our framework, inverse kinematics is used to track the desired tool pose, x * . This pose can be any subset of SE (3), provided that it is reachable, with the robot kinematics and dof. Then, the evolution of pose x can be expressed as:
with J = ∂x ∂q the task Jacobian, that is derived from the robot measured configurationq. The tool pose can be regulated from the current value x to a desired value x * , by applying the joint velocity:q
In the above equation: J † is the right pseudoinverse 2 of J, and λ is a positive scalar gain. It is well known that system (5), controlled by (6) , is globally asymptotically stable with respect to the pose regulation task. Indeed, plugging (6) into (5) yields:
and, since λ > 0, x = x * is a stable equilibrium for the closed-loop system. In practice, if we neglect the dynamic effects, the robot reacts as a first order system, with time constant τ = 1 λ , and response time:
This will be used to account for the robot response delay.
III. ADAPTIVE DAMPING CONTROL To adapt the desired pose of the tool center in the presence of external forces, we use impedance control [10] , only with damping. This consists in applying a tool velocity which, expressed in the tool frame, is linear with the applied wrench:
diagonal matrix of strictly positive and constant damping gains. These are pre-tuned by the operator, depending on the damping effect desired in each direction. With this strategy, the tool will move away from the applied wrench, facilitating the realization of (2). On the other hand, this can lead to cases where either the applied velocity or the transmitted power pass the limits imposed by (3) and (4). To avoid infringing these constraints, we include in the damping controller an adaptive gain K ≤ 1:
To avoid breaking (3) (respectively (4)), K is decreased to the values K v < 1 (respectively K p < 1), leading to higher damping, hence slowing the robot. In the next subsections, we will explain how the values of K v and K p are calculated. The velocity induced by (9) must be mapped from the tool to the base frame to be realizable by the inverse kinematics controller (6) . To this end, it must be premultiplied by the spatial motion transform matrix from tool to base frame:
Furthermore, we must take into account the reference trajectory demanded to the robot (e.g., defined by an offline motion planner), and denoted byẋ r = v r ω r . The desired trajectory should be adapted fromẋ r in the presence of external wrench:ẋ
and must be designed in accordance with the ISO standard:
In summary, the relationship between the external wrench h and the tool velocityẋ in the base frame is:
Since the ISO standard focuses uniquely on the translation components of force and velocity, we consider only the first three lines of the above equation:
The 3 × 3 matrix Y is the controller translation admittance:
In the remainder of this section, we will explain how the values of K in (15) are adapted to fulfill constraints (2)-(4). We assume that f = 0, since otherwise, v ≤ v r fulfills the constraints. If we assume non-infinite damping gains we can state that f ∈ ker Y since ker B R T = 0.
A. Dealing with the force limitation Let us first consider (2) . The ISO10218 standard limits the force exchanged between tool and environment. However, in the case of interaction with a human (e.g., in case of collision), it is very difficult to model/predict the evolution of such force over time. Besides, since we consider the robot to be intrinsically a delayed closed-loop system (as shown in Sect. II), our controller will employ some time to dampen the force. We can, however, assume that the force derivative is bounded:
This is a reasonable hypothesis when considering physical interaction with humans (excluding collisions). Furthermore, the value ofḞ M can be determined experimentally, by measuring the forces exerted by the human during typical operation. Then, using (17) and (8), we can determine the maximum increment of the force norm that could occur while the system responds:
The strategy that we propose in this scope consists in moving the robot as quickly as possible away from the contact, without breaking the velocity or the power limit. This is equivalent to applying a high K in (15) if the external force is above the security threshold
In summary, to comply with the ISO constraints (3) and (4), we set K to:
Note that in both cases, K is chosen conservatively to guarantee that neither the velocity (since K ≤ K v ) nor the power (since K ≤ K p ) constraints are infringed. Moreover, if the force is below the limit, the damping will stay above its pre-tuned values (because K ≤ 1), whereas otherwise, it could go below these values, to move the robot away from collision. In the next two subsections, we detail the calculations of K v and K p , respectively.
B. Dealing with the velocity limitation
Let us now consider the velocity limitation (3). Squaring that equation, and using (15), along with Pythagoras' theorem, yields:
This quadratic equation is verified for:
If interval (21) includes 1, the velocity constraint is guaranteed by the pre-tuned damping values (K = 1). Otherwise, we should apply the upper bound to stay as near as possible to the pre-tuned damping while guaranteeing (3). This corresponds to:
It can be shown easily from (22) that K v can become 0 when the external force tends to align with the reference velocity while |v r | = V M . This means that the velocity can no longer be increased by the operator in order to respect (3).
C. Dealing with the power limitation
Let us finally consider the power limitation (4). This can be rewritten, using (14) , as:
However, the wrench may vary while the system responds. We deal with this, as in Sect. III-A, by assuming that its derivative is bounded:
Then, using (8), we can determine the maximum relative increment of the wrench norm (in the base frame) that could occur while the system responds:
This expression is well defined since ker B W T = 0, and it corresponds to a variation of the transmitted power to be taken into account in the security constraint:
Then, since
T , (4) is guaranteed if:
Since B −1 is positive definite, (27) is well defined. If interval (27) includes 1, the power constraint is guaranteed by the pre-tuned damping values (K = 1). Otherwise, we should apply the upper bound to stay as near as possible to the pretuned damping, while guaranteeing (4). This corresponds to:
It can be seen that an increase in h will require lower K p , i.e., higher damping. The value of K p can become negative only by effect of the term h T V Bẋr . This term can grow, e.g., when the external wrench tends to align with the reference kinematic screw, and both are important. Then, the robot has to oppose the external force (instead of complying with it) by reducing its velocity to avoid infringing (4).
IV. CONTROL FRAMEWORK Let us hereby present our proposed framework for safe pHRI, that is illustrated in Fig. 1 . At each iteration, the tool reference pose is modified by recursively integrating (14): x * (t) = x r (t) + ∆x(t). Pose variation ∆x is calculated by taking the first order finite difference approximation of (14) over a sampling period T s :
(29) In this equation, K is adapted to the working conditions, according to (19). It can be set to either 1, K v or K p , with K v and K p defined respectively in (22) and (28). Then, x * is tracked by inverse kinematics (6) . For a position-controlled robot, we need to recursively integrate that equation, to compute the target joint position:
In summary, the proposed framework for safe pHRI is based on (19), (29), and (30), as outlined in Fig. 1 . This framework enables the operator to manipulate the robot safely without the risk of exceeding the velocity, power and force limitations imposed by the application.
Robot Damping controller (29)
Adaptive damping (19) 
V. REAL EXPERIMENTS A. Setup
To validate our control framework, we focus on an industrial screwing application (see Fig. 3 ). An operator manipulates a robotic hand-arm system to grasp an electric screwdriver, move it to a desired position, and then perform the screwing. The system is composed of a Kuka LWR4 arm, with a Shadow Right Hand mounted on its end effector. The five hand fingertips are each equipped with a tactile sensor (Syntouch BioTac), while the external wrench h on the Kuka effector is estimated through the FRI Interface 3 . This wrench also includes the dynamic effects applied to the TCP (hand inertia, Coriolis forces, friction, etc), excluding gravitation. In the experiment, the proposed ISO10218-based control framework is applied to the Kuka end effector (corresponding to the hand wrist). The main reason for this is that the BioTacs provide only force (not torque) measurement, and solely on one side of the fingertip. Therefore, a wrench estimator should be designed in order to extend (14) to the hand fingertips. This estimator will be the object of future work. Nevertheless, our choice is justified by the fact that: 1) the operator manipulates the system at the Kuka end effector, which can therefore be considered as the tool in this application, and 2) given their mechanical design and characteristics, the Shadow Hands are intrinsically safe (they are specifically conceived for pHRI). Although we did not apply our control framework to the hand, we did guarantee safety of its use, by exploiting tactile data in two ways. First, we designed a simple grasp strategy that is driven by tactile measures. Secondly, we exploited the thumb BioTac as an interface for intuitive human-robot interaction. These two aspects will be detailed just below.
B. Safe hand control
In this section, we describe the implemented safe hand controller. We will refer only to one finger, since the methods can be extended, without loss of generality, to all n fingers. The proposed control is feasible on any hand with n ≥ 4: at least 3 fingers for grasping, and 1 for intuitive interaction with the operator. As in [16] , we do not prove the stability of our grasp. However the grasp will regulate the magnitude of the fingertip contact forces. The estimation of these magnitudes F using BioTac sensors has been done in our previous work [17] which was inspired by [18] . In fact, by determining experimentally the values F * > 0 needed to firmly grasp an object, we can use these as target control values. The 3 http://cs.stanford.edu/people/tkr/fri/html fingers are controlled in the articular space q, with an online trajectory generator, noted OTG. This OTG will generate a smooth trajectory between the current articular configuration, and a desired one q * , under velocity constraintq M ≥ 0. We will modify online the OTG inputs to regulate the contact forces between finger and object. Depending on F, we can choose between going to the closed finger position, q c , or back to the opened finger position, q o . Both q c are q o are determined experimentally in offline tests, and depend on the grasped object's shape and size. The OTG inputs for finger i are set to:
Vectorq 0 M i is the default finger joint velocity limit (as provided in the hand datasheet). In practice, the finger velocity is scaled in the presence of a contact force F i ∈ ]0, 2F * i [, and it opens or closes depending on its value wrt F * i . With all parameters defined, we can use the OTG to drive the finger:
with > 0 a small value avoiding oscillations around the target value, once F * i is attained. If n > 3, one of the n tactile sensors can be used as a button to trigger some events (e.g., to start the grasping). The implemented switch is based on a comparator with hysteresis:
where F H and F L (F H > F L > 0) are the pre-tuned high and low thresholds at which the state changes. With this triggering system, the operator can command the robot during interaction without the need of an external, sophisticated interface. This solution improves both the ergonomy and the time required to perform the task.
C. Results
The implementation has been realized on a computer with an i7-4600U processor running Linux. All the code was written in C++ using the Knowbotics framework, currently developed at LIRMM 4 . The FRI was used to communicate with the Kuka arm, and a ROS interface 5 to control the Shadow Hand and get the BioTacs measures. Kinematic computations were performed using the Robotics Library 6 . The controller sample time was T s = 5 ms and the average computation time required for each loop was 0.3 ms. To generate the arm reference trajectoryẋ r , and for the hand OTG, we use the Reflexxes library 7 .
To handle the various steps required by our application, we design the state machine shown in Fig. 2 (the term tool refers to the arm end-effector, where the hand is mounted and where the ISO10218 standard is guaranteed). Boxes represent autonomous (or semi-autonomous) actions performed by the robot, ellipses collaborative operations, and diamonds are tests. Arrows with an 'S' are triggered by the tactile switch (the thumb is used), on the falling edge of S in (34) (we use F H = 3 N and F L = 0.5 N). . If the operator pushes the tool forward, the middle finger powers the screwdriver. Otherwise, the screwdriver is stopped. For this, the middle finger is controlled in open-loop, since its BioTac does not touch the screwdriver switch. (G) The operator can choose (via the thumb pressure duration) between pursuing screwing or making the tool return to its initial position. Throughout the experiment, all changes in the external wrench are handled by our safe damping controller (14) , with K adapted through (19). We set:
A typical experiment is shown in the video attached to this paper 8 , with snapshots in Fig. 3 . During the experiment, two screwing operations at different positions are performed by 8 See also: https://youtu.be/iOuhFKp31xY the operator (i.e., states (E) and (F) are repeated twice). In Fig. 4 , we plot the evolution of K, |f|, |v|, |P| and of the four fingertip contact forces (all except the middle finger) during the various states. The curves show that by modulating K, the robot successfully respects all three limitations during the whole experiment. For example, at t 15s, the tool velocity is reduced (K v is applied, green area), and successively (t 16s), K p is applied (red area), to maintain the power under the maximum value allowed. Then, K v is applied again. On the other hand, during the two screwing phases (F), the interaction forces remain too low to become critical. Thus, the initial damping values are maintained (K = 1). Although the value of K changes eight times throughout the experiment, between K p , K v and 1, its trend is always smooth, making the robot motion natural. It is also important to notice that even with the perturbation due to the actuation of the screwdriver (t 20s and t 28s), contact forces at the fingertips (bottom curves) track their target values (F * = 3 N and F * = 2 N). This regulation guarantees a correct grasp throughout the experiment. Also note that the use of the thumb tactile sensor (cyan curve) as humanmachine interface permits completion of all operations by a single, untrained operator in an intuitive way, without the need of an external interface. In the current setup, it was not possible to check the controller's behavior in case of sudden collisions, since the Kuka low-level security (which runs at 1 ms, i.e., five times faster than our controller) deactivated the motors before adaptive damping could intervene. Solving this technical issue, to make the control loop run at 1000 Hz, will be the object of future work. We are confident that sudden collisions can be managed, since even in the presence of force variations greater thanḞ M (e.g., up to 250 N/s at t 23s, see Fig. 4 ), the controller guaranteed the ISO limits.
VI. CONCLUSION
The focus of this paper is the safety of physical interaction with a hand-arm robotic system. The main contribution is the design of a closed-loop adaptive damping controller guaranteeing the ISO10218 standard (force, velocity and power limitations). We discuss some interesting aspects that emerge from our approach, but that should be considered whenever dealing with the standard, without dedicated hardware (as in [7] , [8] , [9] ). First, the delay in the system response can cause the controller to infringe the ISO10218 when the force varies suddenly. For this, hardware solutions can come in handy but are not always available. Secondly, in some situations, the robot should (surprisingly!) become active instead of compliant. This is the case, e.g., when the force direction is aligned with a strong pre-planned velocity. These two aspects should be tackled with advanced models of the force evolution (e.g., based on model predictive control), which are non-trivial, particularly in the case of deformable contacts. Another contribution of our work is the use of tactile sensor as an intuitive human-robot interface for safe hand control. In future work, we plan to extend the adaptive damping controller to the robotic hand and/or to humanoids and to a complete impedance model (mass-damping-stiffness). 
